Hyperlipidemia is defined as elevated lipid levels in the blood, including cholesterol, cholesterol esters, phospholipids, and triglycerides (TG). Cholesterol is a naturally occurring fat or lipid that is present in the blood and other cells in the body. It is produced by the body itself and also comes from dietary animal food sources. Cholesterol is transported in the blood as large lipoproteins, including high-density lipoproteins (HDLs) and low-density lipoproteins (LDLs). Cholesterol is necessary for proper body functioning and functions to protect health, including cardiovascular health. However, the presence of too much total cholesterol (TC) results in cholesterol beginning to adhere to artery walls as plaques. This prevents proper blood flow through the arteries and leads to an increased risk of developing cardiovascular diseases, including atherosclerosis, heart disease, blood clots, hypertension, myocardial infarction, and stroke.[@R1] Moreover, hyperlipidemia also induces fatty liver diseases, including nonalcoholic fatty liver disease and nonalcoholic steatohepatitis (NASH).[@R2]

NASH is a chronic liver disease that resembles alcoholic liver disease but occurs in individuals who drink little or no alcohol. The primary feature of NASH is accumulation of fat in the liver; other histopathological changes include steatosis, lobular inflammation, and hepatocellular ballooning with or without fibrosis.[@R3] Most people with NASH have no symptoms and are unaware of any liver problems. However, NASH, if left untreated, can become severe, with approximately 15% to 40% of NASH patients developing hepatic fibrosis, in which the liver is damaged to the point that it no longer functions.[@R4]

Postmenopausal women are at higher risk than age-matched premenopausal women for a number of health conditions such as hyperlipidemia, cardiovascular disease, arteriosclerosis, and NASH, suggesting that menopause itself is a risk factor.[@R5]-[@R7] These conditions can be improved by hormone therapy or estrogen administration.[@R5],[@R8] However, hormone therapy and estrogen therapy cause a small increase in the risk of developing serious diseases such as breast cancer.[@R9] Therefore, development of a safe, effective method for treating or preventing these diseases is urgently needed. Scientists are searching for selective estrogen receptor modulators (SERMs), which act similarly to estrogen in certain tissues such as the liver and bone but do not act like estrogen in other tissues such as the breast and endometrium. SERMs are synthetic molecules that act on estrogen receptors and can be used for the treatment and prevention not only of breast cancer but also of various other diseases associated with menopause.[@R10] SERMs block the effects of estrogen on breast tissue and activate estrogen actions in other tissues. Phytoestrogens, plant-derived substances that are structurally and functionally similar to estrogens, have been classified as natural SERMs and have both weak estrogenic and antiestrogenic activities.[@R11],[@R12]

In our screen for phytoestrogens that act like estrogen in lipid-related diseases but do not act like estrogen in breast cancer, we identified palmiwon (PMW).

Cholesterol is synthesized and used via a tightly regulated system mediated by sterol regulatory element binding protein 2 (SREBP2).[@R13],[@R14] SREBP2 regulates cholesterol metabolism primarily through regulation of genes associated with cholesterol uptake and synthesis, such as LDL receptor (LDLR) and 3-hydroxy-3-methyl glutaryl coenzyme A reductase (HMGCR).[@R15]-[@R17]

Adenosine monophosphate--activated protein kinase (AMPK) is a phylogenetically conserved serine/threonine protein kinase that is activated in response to a rising intracellular adenosine monophosphate--to--adenosine triphosphate ratio after adenosine triphosphate depletion.[@R18] Therefore, AMPK is considered a metabolic master switch, mediating cellular adaptation to the environment or nutritional stress factors.[@R19] Once activated, AMPK leads to concomitant inhibition of anabolic pathways such as cholesterol, fatty acid, and TG synthesis, as well as to stimulation of fatty acid oxidation and ketogenesis.[@R18],[@R20],[@R21]

PMW is a traditional Chinese remedy that is composed of eight oriental herbs (*Rehmannia glutinosa* Liboschitz var. *ourourea* Makino, *Dioscorea japonica* Thunberg, *Cornus officinalis* Siebold et Zuccarini, *Paeonia suffruticosa* Andrews, *Poria cocos* Wolf, *Alisma orientale* Juzepczuk, *Cinnamomum cassia* Blume, and *Aconitum carmichaeli* Debeaux), each of which imparts a different array of pharmacological effects. For example, *R. glutinosa* Liboschitz var. *ourourea* Makino has been shown to exert beneficial effects on the heart, whereas *R. glutinosa* Liboschitz var. *ourourea* Makino, *D. japonica* Thunberg, and *C. officinalis* Siebold et Zuccarini exert nutritional benefits. *Ac. carmichaeli* Debeaux, *Po. cocos* Wolf, and *A. orientale* Juzepczuk support kidney function and act as diuretics,[@R22]-[@R24] whereas *C. officinalis* Siebold et Zuccarini, *P. suffruticosa* Andrews, *Ci. cassia* Blume, and *Ac. carmichaeli* Debeaux improve blood vessel health and help to regulate the immune system.[@R23],[@R24] Traditionally, PMW has been used for the treatment of a wide range of symptoms, including facial pallor, pollakiuria, infertility, mental instability, and deterioration of renal function.[@R25] PMW has more recently been applied for kidney disorders, paruria, hypertension, diabetes, neurosis, back problems, and paralysis.[@R26]-[@R28] However, despite this wide range of clinical indications, the preventive effects of PMW (as a phytoestrogen) on lipid accumulation and lipid-related diseases have not been examined.

The objective of this study was to evaluate the impact of PMW as a phytoestrogen on breast carcinoma, hepatic lipid accumulation in HepG2 cells, and lipid-related diseases induced by a high-fat, high-cholesterol diet in ovariectomized rats. We also elucidated how PMW regulates intracellular lipids in HepG2 cells.

METHODS
=======

PMW preparation
---------------

The formula for PMW is as follows: *R. glutinosa* Liboschitz var. *ourourea* Makino (150 g), *D. japonica* Thunberg (75 g), *C. officinalis* Siebold et Zuccarini (75 g), *P. suffruticosa* Andrews (56.25 g), *Po. cocos* Wolf (56.25 g), *A. orientale* Juzepczuk (56.25 g), *Ci. cassia* Blume (18.75 g), and *Ac. carmichaeli* Debeaux (18.75 g). Briefly, 506.25 g of the eight-herb mixture was mixed and extracted by heating for 2 hours in a 10-fold volume of water using an S-20000 extractor (Sak IK Medical Co). After lyophilization, the resulting PMW powder (129 g; yield, 25.5%) was collected and stored at 4°C until use. PMW extract (KIOM PH 130004) was stored at the Korea Institute of Oriental Medicine (Daejeon, Korea) until use.

Chromatographic conditions of high-performance liquid chromatography--diode array detector
------------------------------------------------------------------------------------------

For quantitative analysis, five of the reference compounds solutions; 5-hydroxy-methylfurfural (5-HMF), loganin and cinnamic acid (1,000 μg/mL) were prepared in 100% methanol and stored at 4°C. Standard solutions were prepared with six concentrations of diluted solutions (methanol). All calibration curves were attained by assessing peak areas at six concentrations in the range of 16 to 715 μg/mL for all reference compounds. The linearity of the peak area (*y*)--versus--concentration (*x*; μg/mL) curve for each component was used to calculate the contents of the main PMW. About 80.52 mg of PMW extract powder was subsequently resuspended in 4 mL of distilled water for high-performance liquid chromatography (HPLC) analysis.

The contents of 5-HMF, loganin, and cinnamic acid in PMW water extract were analyzed using an 1100 series HPLC instrument (Agilent Technologies, Santa Clara, CA) with an Atlantis C18 column (4.6 × 250 mm^2^, 5 μm; Waters, Malta, NY). The mobile phase consisted of solvents, distilled water (A), and acetonitrile with 0.1% formic acid (B). The following gradient was used: 0 minute, A:B 98:2 (vol/vol); 15 minutes, A:B 92:7; 20 minutes, A:B 85:15; 30 minutes, A:B 75:25; 40 minutes, A:B 50:50; 50 minutes, A:B 30:70. The mobile phase flow rate was 1.0 mL/minute, the column temperature was 30°C, and the injection volume was 10 μL; UV detection was performed at 240 nm (loganin) and 280 nm (5-HMF and cinnamic acid).

Cell culture and treatment
--------------------------

HepG2 human hepatocellular carcinoma cells were purchased from the Korean Cell Line Bank (Seoul, Korea). MCF-7 human breast carcinoma cells were purchased from the American Type Culture Collection (Rockville, MD). HepG2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM), and MCF-7 cells were cultured in RPMI (Roswell Park Memorial Institute) 1640 supplemented with 10% fetal bovine serum (Hyclone Inc, South Logan, UT), 100 U/mL penicillin, and 100 mg/mL streptomycin (Hyclone Inc), and maintained in a humidified incubator at 37°C under an atmosphere of 5% CO~2~. To induce cholesterol production, HepG2 cells were exposed to methyl-β-cyclodextrin (MβCD) mixed with palmitic acid. When cells had reached 70% confluence, they were incubated in 0.2% bovine serum albumin (BSA)--DMEM containing 20 μg/mL MβCD, along with 30 μM simvastatin or various concentrations (250-1,000 μg/mL) of PMW for 8 hours.

Animals and treatment
---------------------

Six-week-old female Sprague-Dawley rats (mean \[SD\] weight, 225 \[25\] g) were obtained from Samtako (Osan-si, Korea) and maintained under a regular 12-hour light/12-hour dark cycle at controlled temperature (mean \[SD\], 24°C \[2°C\]) and relative humidity (50%-55%) in the Laboratory Animals Center of the Korea Institute of Oriental Medicine (approval no. 13-026). After 1 week of acclimation, rats underwent ovariectomy (n = 25) or sham operation (n = 5) under anesthesia (intramuscular injection of a Zoletil-Rompun mixture). One week after surgical operation, 25 ovariectomized (OVX) rats were randomly divided into three groups: OVX-Con (n = 5)---high-fat (45%), high-cholesterol (1%) diet; OVX-SV (n = 5)---high-fat (45%), high-cholesterol (1%) diet with simvastatin (20 mg/kg; n = 5); OVX-PMW (n = 5 per dose)---high-fat (45%), high-cholesterol (1%) diet with PMW (50, 150, or 450 mg/kg). Five sham-operated rats were assigned to a high-fat (45%), high-cholesterol (1%) diet (Sham). Simvastatin and PMW were dissolved in phosphate-buffered saline (PBS) for daily oral administration. After 8 weeks, rats were killed under anesthesia, and blood was collected for estimation of TC, TG, HDL, LDL, atherogenic index, and cardiac risk factor score. Liver tissue, retroperitoneal fat, perirenal fat, and arterial tissue were also collected.

Lipid parameters
----------------

Serum TC, TG, and HDL levels were measured using a BS220 instrument (Mindary, Shenzhen, China). LDL levels were determined using the following equation: LDL = TC − HDL − (TG/5). TC and LDL/very-low-density lipoprotein (VLDL) contents in HepG2 cells were determined using an HDL and LDL/VLDL cholesterol assay kit (Abcam, Cambridge, MA) according to the manufacturer's instructions. Briefly, after treatment, cellular lipids were extracted with chloroform:isopropanol:NP-40 (7:11:0.1) in a microhomogenizer. Extracts were centrifuged for 10 minutes at 15,000 *g*. Next, supernatants were transferred to a new tube, air-dried at 50°C to remove chloroform, and placed under vacuum for 30 minutes to remove any trace organic solvent. Dried lipids were resuspended in a 200-μL cholesterol assay buffer by vortexing until homogeneous. TC and LDL/VLDL levels were assayed by measuring absorbance at 570 nm using a spectrophotometer.

Atherogenic index and cardiac risk factor score
-----------------------------------------------

Atherogenic index and cardiac risk factor score were determined using the following equations: atherogenic index = (TC − HDL)/HDL; cardiac risk factor score = TC/HDL.

Histology
---------

Rat livers were fixed with 4% neutral buffered formalin and embedded in paraffin. Four-micrometer sections were cut and stained with H&E to determine NASH scores. A diagnosis of NASH was established by the presence of a characteristic pattern of steatosis, lobular inflammation, and hepatocellular ballooning. Total scores for each component were added to determine the presence or absence of NASH (scores ≥5 diagnosed as NASH; scores ≤2 defined as not NASH).

To measure retroperitoneal and perirenal fat accumulation, we fixed lipid tissues with 10% neutral buffered formalin and embedded them in paraffin. Twenty-micrometer sections were cut and stained with H&E and examined by light microscopy.

Cytotoxicity
------------

Cell viability was examined by WST (4-\[3-(4-iodophenyl)-2-(4-nitrophenyl)-2*H*-5-tetrazolio\]-1,3-benzene disulfonate) assay (Daeil Lab Service Co Ltd). Briefly, HepG2 cells were seeded in 96-well plates at a density of 2 × 10^4^ cells/well and treated with 30 μM simvastatin and various concentrations of PMW (250-1,000 μg/mL) with or without MβCD in 0.2% BSA-DMEM for 8 hours. WST solution was added to each well, and the cells were cultured for another 2 hours, after which optical density was read at 490 nm.

E-Screen assay
--------------

MCF-7 cells were cultured to 80% confluence at 37°C and incubated in phenol red--free RPMI supplemented with 5% charcoal-stripped bovine serum. Cells were maintained in this medium for 24 hours before treatment. The cells (1 × 10^4^) were seeded in 96-well plates and treated with control (PBS), PMW (250-1,000 μg/mL), and 17β-estradiol (10^−9^ M; Sigma-Aldrich). Cell viability was determined by sulforhodamine B assay according to the manufacturer's instructions (Sigma-Aldrich).[@R29]

Oil Red O staining
------------------

To measure total intracellular lipid content, we stained HepG2 cells using the Oil Red O method. Briefly, HepG2 cells were seeded in 24-well plates at a density of 1 × 10^5^ cells/well and treated with 30 μM simvastatin and various concentrations of PMW (250-1,000 μg/mL) with MβCD in 0.2% BSA-DMEM for 8 hours. The cells were washed three times with PBS and fixed with 10% formalin for 10 minutes. After fixation, the cells were washed with PBS and 60% isopropanol, and stained for 1 hour in a freshly diluted Oil Red O solution (stock solution, 3 mg/mL in isopropanol; working solution, 60% Oil Red O stock solution diluted in water). After staining, cells were washed with 60% isopropanol and PBS, and photographed. For quantitative analysis of cellular lipids, isopropanol was added, followed by shaking at room temperature for 10 minutes. The extracted dye was removed by gentle pipetting, and its absorbance at 500 nm was monitored using a spectrophotometer.

HMGCR activity
--------------

Cells were cultured to 80% confluence at 37°C, incubated in 0.2% BSA-DMEM containing 20 μg/mL MβCD, and treated with 30 μM simvastatin or various concentrations (250 and 500 μg/mL) of PMW for 8 hours. Cells were lysed in RIPA buffer (50 mM Tris-HCl \[pH 7.4\], 150 mM NaCl, 1.0% \[vol/vol\] NP-40, 0.5% \[wt/vol\] sodium deoxycholate, 1.0 mM EDTA, 0.1% \[wt/vol\] sodium dodecyl sulfate, and 0.01% \[wt/vol\] sodium azide) containing protease inhibitors (Biocyc GmbH & Co KG). 3-Hydroxy-3-methyl glutaryl coenzyme A reductase activity was determined using an HMGCR assay kit (Sigma, St Louis, MO) according to the manufacturer's instructions.

Western blot analysis
---------------------

Cells were cultured to 80% confluence at 37°C, incubated in 0.2% BSA-DMEM containing 20 μg/mL MβCD, and treated with 30 μM simvastatin or various concentrations (250 and 500 μg/mL) of PMW for 8 hours. Cells were lysed in RIPA buffer containing protease inhibitors. Lysates were incubated at 4°C for 30 minutes and centrifuged at 14,000 rpm for 15 minutes at 4°C to remove detergent-insoluble material.

Protein concentration was determined using a Bio-Rad protein assay (Bio-Rad Laboratories). Protein extracts (30-90 μg) were separated on 4% to 15% Mini-Protean TGX Precast Gels (Bio-Rad Laboratories) and transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA). Membranes were blocked with 1% BSA in PBS-T (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na~2~HPO~4~, 1.4 mM KH~2~PO~4~, and 0.1% Tween 20) and incubated with the following: anti-HMGCR (C-1; 1:1000), anti-SREBP2 (1C6; 1:1000), and anti--β-actin (C4; 1:1000) antibodies from Santa Cruz Biotechnology (Santa Cruz, CA); anti--phospho-AMPKα (Thr172; 1:1000) and anti-AMPKα (1:1000) antibodies from Cell Signaling Technology (Beverly, MA); and anti-LDLR (1:1000) antibody from Abcam. Membranes were incubated overnight at 4°C with gentle shaking. Secondary antibodies included horseradish peroxidase--conjugated goat anti-mouse, goat anti-rabbit, and donkey anti-goat (1:10,000; Santa Cruz Biotechnology) antibodies, as appropriate. Antibody-bound proteins were visualized using an Immun-Star WesternC kit (Bio-Rad Laboratories).

Statistical analyses
--------------------

All experiments were performed in triplicate and repeated at least three times. Data are presented as mean (SD). Statistical analysis was performed using SPSS software version 12.0 (SPSS Inc, Chicago, IL), and data were evaluated for statistical significance using one-way analysis of variance followed by Duncan's test (*P* \< 0.05). The OVX and Sham, control and 17β-estradiol, and control and MβCD groups were compared using two-sample *t* tests (*P* \< 0.05).

RESULTS
=======

HPLC analysis of reference compounds in PMW
-------------------------------------------

The calibration curve reference standards for the three components 5-HMF, loganin, and cinnamic acid were *y* = 83.865*x* + 321.222 (*R*^2^ = 0.999), *y* = 8.8357*x* + 55.605 (*R*^2^ = 0.999), and *y* = 46.036*x* − 70.389 (*R*^2^ = 0.999), respectively. HPLC analysis of PMW and reference standard mixtures was carried out at 240 and 280 nm. The retention times for the compounds were 15.5 minutes (5-HMF), 27.7 minutes (loganin), and 41.6 minutes (cinnamic acid). The mean (SD) contents of each component of the PMW aqueous extract were as follows: 3.47 (0.008) mg/g 5-HMF, 3.58 (0.133) mg/g loganin, and 0.21 (0.012) mg/g cinnamic acid (Fig. [1](#F1){ref-type="fig"}).

![High-performance liquid chromatography chromatograms of palmiwon aqueous extract and three reference standards at 240 and 280 nm. 5-HMF, 5-hydroxy-methylfurfural.](gme-22-872-g001){#F1}

PMW decreases estrogenic activity in MCF-7 cells
------------------------------------------------

To screen for phytoestrogens, we performed an E-Screen assay in MCF-7 cells. Although 17β-estradiol (10^−9^ M) increased the growth of MCF-7 cells, various concentrations of PMW (250-1,000 μg/mL) decreased cell growth relative to controls (Fig. [2](#F2){ref-type="fig"}). This result shows that PMW has antiestrogenic activity in breast carcinoma. Next, we evaluated the estrogenic activity of PMW on lipid accumulation in HepG2 cells.

![Effects of palmiwon (PMW) on antiestrogenic activity in MCF-7 cells. Cells were treated with10^−9^ M 17β-estradiol or several concentrations of PMW (250-1,000 μg/mL) for 24 hours in 5% charcoal-stripped bovine serum, and cell viability was determined using sulforhodamine B assay. Data from three samples in each group are presented as mean (SD). ^\#^Significantly different between control and 17β-estradiol treatment at *P* \< 0.05 (two-sample *t* test). Values not sharing a common lower-case letter are significantly different from one another at *P* \< 0.05 (analysis of variance followed by Duncan's test). Similar results were obtained from three separate experiments.](gme-22-872-g002){#F2}

PMW does not affect the viability of HepG2 cells
------------------------------------------------

WST assay was performed to evaluate the effects of MβCD, PMW, and simvastatin on the viability of HepG2 cells. As shown in Figure [3](#F3){ref-type="fig"}A, increasing concentrations of PMW (250-1,000 μg/mL) exhibited no cytotoxic effects. Treatment of HepG2 cells with MβCD only resulted in slight inhibition of cell growth (Fig. [3](#F3){ref-type="fig"}B). MβCD added to cells pretreated with PMW (250-1,000 μg/mL) or simvastatin (30 μM) was found to be nontoxic at the concentrations tested (Fig. [3](#F3){ref-type="fig"}B).

![Cytotoxicity of methyl-β-cyclodextrin (MβCD) and palmiwon (PMW) in HepG2 cells. HepG2 cells were treated with several concentrations of PMW (250-1,000 μg/mL) for 8 hours in 0.2% bovine serum albumin--Dulbecco's modified Eagle's medium, and cell viability was determined using WST assay (**A**). HepG2 cells were treated with 30 μM simvastatin (Sim) or several concentrations of PMW (250-1,000 μg/mL) with 20 μg/mL MβCD for 8 hours in 0.2% bovine serum albumin--Dulbecco's modified Eagle's medium, and cell viability was determined using WST assay (**B**). Data from three samples in each group are presented as mean (SD). Values not sharing a common lower-case letter are significantly different from each other at *P* \< 0.05 (analysis of variance followed by Duncan's test). Similar results were obtained from three separate experiments.](gme-22-872-g003){#F3}

PMW inhibits HepG2 cellular lipid accumulation
----------------------------------------------

To evaluate the inhibitory effects of PMW on MβCD-induced lipid accumulation, we treated HepG2 cells with various concentrations of PMW for 8 hours; pretreatment with simvastatin was used as positive control. Cells were stained with Oil Red O and quantified by measuring absorbance at 500 nm. A significant increase in lipid deposition was observed in HepG2 cells treated with MβCD; however, this effect was attenuated in PMW-treated and simvastatin-treated cells (Fig. [4](#F4){ref-type="fig"}A). This suggested that PMW significantly inhibited MβCD-induced intracellular lipid accumulation in HepG2 cells. This result was confirmed by the quantification of TC and LDL/VLDL levels (Fig. [4](#F4){ref-type="fig"}B, C). PMW treatment significantly inhibited TC levels at all concentrations tested, and LDL/VLDL levels were also lower in these cells (Fig. [4](#F4){ref-type="fig"}C).

![Effects of palmiwon (PMW) on lipid accumulation, total cholesterol levels, and low-density lipoprotein/very-low-density lipoprotein levels in HepG2 cells. HepG2 cells were treated with 30 μM simvastatin (Sim) or several concentrations of PMW (250-1,000 μg/mL) with 20 μg/mL methyl-β-cyclodextrin (MβCD) for 8 hours in 0.2% bovine serum albumin--Dulbecco's modified Eagle's medium. Lipid accumulation was visualized by Oil Red O staining (×600 magnification), and quantitative analysis of lipid deposition in cells was performed with a spectrophotometer (**A**). Total intracellular cholesterol (**B**) and low-density lipoprotein/very-low-density lipoprotein (**C**) levels were measured by enzyme-linked immunosorbent assay. Data from three samples in each group are presented as mean (SD). ^\#\#^Significantly different between control and MβCD treatment at *P* \< 0.01 (two-sample *t* test). Values not sharing a common lower-case letter are significantly different from each other at *P* \< 0.05 (analysis of variance followed by Duncan's test). Similar results were obtained from three separate experiments.](gme-22-872-g004){#F4}

PMW affects cholesterol synthesis in HepG2 cells
------------------------------------------------

Having established a direct link between PMW and cholesterol synthesis, we sought to identify the mechanisms underlying this effect. Cholesterol homeostasis is tightly regulated by the transcription factor SREBP2,[@R14] which directly regulates the transcription of important genes involved in cholesterol synthesis, such as HMGCR and LDLR. We first investigated the effects of PMW on HMGCR activity in HepG2 cells; PMW decreased the activity of HMGCR relative to controls (Fig. [5](#F5){ref-type="fig"}A).

![Effects of palmiwon (PMW) on cholesterol synthesis in HepG2 cells. HepG2 cells were treated with 30 μM simvastatin (Sim) or PMW (250 and 500 μg/mL) with 20 μg/mL methyl-β-cyclodextrin (MβCD) for 8 hours in 0.2% bovine serum albumin--Dulbecco's modified Eagle's medium. Cell lysates were harvested by RIPA buffer and subjected to 3-hydroxy-3-methyl glutaryl coenzyme A reductase (HMGCR) activity and inhibition assays (**A**) and to Western blot analysis for sterol regulatory element binding protein 2 (SREBP2), HMGCR, and low-density lipoprotein receptor (LDLR) protein expression (**B**). Quantified data for protein levels are indicated in the bottom panel. Densities of proteins were all justified with β-actin. Relative density ratios of untreated cells were set at a value of 1.0. Values not sharing a common lower-case letter are significantly different from each other at *P* \< 0.05 (analysis of variance followed by Duncan's test). Similar results were obtained from three separate experiments. OD, optical density.](gme-22-872-g005){#F5}

In addition to enzyme activity, we evaluated the effects of PMW on SREBP2, HMGCR, and LDLR levels in HepG2 cells. LDLR and SREBP2 levels were diminished in MβCD-treated cells but could be rescued to near-wild-type levels by PMW treatment (Fig. [5](#F5){ref-type="fig"}B). In contrast, HMGCR protein levels were diminished by treatment with MβCD or PMW (Fig. [5](#F5){ref-type="fig"}B). These results show that PMW attenuated lipid accumulation via regulation of genes involved in cholesterol synthesis.

PMW induces AMPK phosphorylation in HepG2 cells
-----------------------------------------------

AMPK is thought to act as a metabolic master switch in response to changes in cellular energy and plays a crucial role in regulating fat metabolism in the liver.[@R30],[@R31] Therefore, AMPK phosphorylation is used as a marker of AMPK activity. PMW significantly increased AMPK phosphorylation compared with MβCD alone (Fig. [6](#F6){ref-type="fig"}), suggesting that PMW attenuated hepatic lipid accumulation through AMPK activation.

![Effects of palmiwon (PMW) on adenosine monophosphate--activated protein kinase (AMPK) phosphorylation in HepG2 cells. HepG2 cells were treated with 30 μM simvastatin (Sim) or PMW (250 and 500 μg/mL) with 20 μg/mL methyl-β-cyclodextrin (MβCD) for 8 hours in 0.2% bovine serum albumin--Dulbecco's modified Eagle's medium. Cell lysates were harvested and subjected to Western blot analysis for AMPK phosphorylation (pThr-172-AMPK). Quantified data for protein levels are indicated in the bottom panel. Densities of proteins were all justified with β-actin. Relative density ratios of untreated cells were set at a value of 1.0. Values not sharing a common lower-case letter are significantly different from each other at *P* \< 0.05 (analysis of variance followed by Duncan's test). Similar results were obtained from three separate experiments.](gme-22-872-g006){#F6}

PMW affects body weight and abdominal fat accumulation in hyperlipidemic menopausal rats fed a high-fat, high-cholesterol diet
------------------------------------------------------------------------------------------------------------------------------

To confirm the physiological relevance of PMW at the cellular level, we established a rat model of menopausal hyperlipidemia using ovariectomized rats fed a high-fat, high-cholesterol diet. After 8 weeks, the body weights of all rats were measured (Table [1](#T1){ref-type="table"}); rats in the OVX group (OVX-Con) weighed more than those in the Sham group. In PMW-treated groups (OVX-PMW 50, 150, or 450 mg/kg), PMW inhibited ovariectomy-induced weight gain, but the inhibition was less than that observed in simvastatin-treated groups (OVX-SV). All rats were killed on week 8, and the liver weights of each group were compared (Table [1](#T1){ref-type="table"}). Although significantly increased liver weights were observed in the OVX-Con group compared with the Sham group, no significant differences were evident in the OVX-SV and OVX-PMW groups relative to the OVX-Con group.

###### 

Metabolic parameters in a rat model of menopausal hyperlipidemia

![](gme-22-872-g007)

No significant differences were evident among all of these groups when the retroperitoneal fat of these rats was weighed (Table [1](#T1){ref-type="table"}). In contrast, perirenal fat was significantly increased in the OVX-Con group compared with the Sham group. The OVX-SV and OVX-PMW groups (except for the group treated with 450 mg/kg) exhibited decreased fat accumulation relative to the OVX-Con group.

Overall fat volumes were also examined in retroperitoneal and perirenal fat deposits (Fig. [7](#F7){ref-type="fig"}A; Table [1](#T1){ref-type="table"}). The OVX-Con group significantly increased both retroperitoneal and perirenal fat volumes compared with the Sham group. All OVX-PMW groups exhibited decreased retroperitoneal fat volumes and decreased perirenal fat volumes were similar to those of the OVX-SV group.

![Histological analysis of adipose tissue and liver in a rat model of menopausal hyperlipidemia. Sham, sham-operated and fed a high-fat, high-cholesterol diet; Con, ovariectomized and fed a high-fat, high-cholesterol diet; SV, ovariectomized and fed a high-fat, high-cholesterol diet supplemented with simvastatin (20 mg/kg); PM-50, ovariectomized and fed a high-fat, high-cholesterol diet supplemented with palmiwon (50 mg/kg). After 8 weeks, adipose tissues (**A**) and livers (**B**) were extracted and stained with H&E (adipose tissue, ×100 magnification; liver, ×400 magnification).](gme-22-872-g008){#F7}

PMW affects serum lipids in hyperlipidemic menopausal rats fed a high-fat, high-cholesterol diet
------------------------------------------------------------------------------------------------

The OVX-Con group exhibited significantly increased TC, TG, and LDL levels compared with the Sham group (Table [2](#T2){ref-type="table"}). In contrast, HDL levels were decreased in the OVX-Con group compared with the Sham group (Table [2](#T2){ref-type="table"}). The OVX-SV and OVX-PMW groups (except for the group treated with 50 mg/kg) decreased ovariectomy-induced changes in TC and LDL levels. TG levels were altered, but not significantly, in the OVX-SV and OVX-PMW groups. The OVX-SV and OVX-PMW groups (except for the group treated with 450 mg/kg) exhibited increased HDL levels relative to the OVX-Con group (Table [2](#T2){ref-type="table"}).

###### 

Serum lipid levels in a rat model of menopausal hyperlipidemia

![](gme-22-872-g009)

PMW decreases the risk of arterial sclerosis in hyperlipidemic menopausal rats fed a high-fat, high-cholesterol diet
--------------------------------------------------------------------------------------------------------------------

Arterial sclerosis is a medical condition in which an arterial wall stiffens as a result of fat accumulation. Increased levels of total plasma cholesterol and obesity represent significant risk factors for atherosclerosis and increased rates of cardiovascular death.[@R32],[@R33] As PMW decreased fat accumulation levels in retroperitoneal and perirenal spaces and serum cholesterol levels in hyperlipidemic menopausal rats (Tables [1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}; Fig. [7](#F7){ref-type="fig"}A), we next examined the effects of PMW on the risk of arterial sclerosis by measuring atherogenic index, cardiac risk factor score, lumen diameter, and intima-media thickness (Table [3](#T3){ref-type="table"}). The OVX-Con group exhibited significantly increased atherogenic index and cardiac risk factor score compared with the Sham group. The OVX-SV group and all OVX-PMW groups exhibited lower atherogenic indices and cardiac risk factor scores relative to the OVX-Con group (Table [3](#T3){ref-type="table"}). Lumen diameter and intima-media thickness were also determined. The OVX-Con group had a lower overall lumen diameter than the Sham group. In contrast, the OVX-SV and OVX-PMW groups (except for the group treated with 50 mg/kg) had a higher overall lumen diameter. In contrast, the OVX-Con group had increased intima-media thickness relative to the Sham group (Table [3](#T3){ref-type="table"}). All OVX-PMW groups had decreased intima-media thickness similar to that of the OVX-SV group (Table [3](#T3){ref-type="table"}).

###### 

Atherogenic index, cardiac risk factor score, lumen diameter, and media thickness in a rat model of menopausal hyperlipidemia

![](gme-22-872-g010)

PMW ameliorates hepatic steatosis in hyperlipidemic menopausal rats fed a high-fat, high-cholesterol diet
---------------------------------------------------------------------------------------------------------

Obesity, diabetes, and hyperlipidemia are important risk factors for NASH; patients with fatty liver disease (or excessive accumulation of fat in liver hepatocytes) are more likely to develop NASH.[@R2],[@R34] NASH is characterized by steatosis, lobular inflammation, and hepatocellular ballooning.[@R35]

To determine the effects of PMW on NASH development, we examined rats for the presence of major NASH symptoms, including steatosis, lobular inflammation, and hepatocellular ballooning. Although a greater number of fat vacuoles were observed in the OVX-Con group compared with the Sham group, both OVX-SV and OVX-PMW groups had fat accumulation levels similar to those of the Sham group (Fig. [7](#F7){ref-type="fig"}B). Moreover, the scores for each NASH component (steatosis, lobular inflammation, and hepatocellular ballooning) were higher in the OVX-Con group relative to the Sham group. In the OVX-SV and OVX-PMW groups, the scores for each NASH component were lower relative to controls, with the most marked effects evident in the group treated with 450 mg/kg PMW (Table [4](#T4){ref-type="table"}).

###### 

Nonalcoholic steatohepatitis scores in a rat model of menopausal hyperlipidemia
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DISCUSSION
==========

PMW is composed of eight oriental herbs (each of which exhibits a wide array of pharmacological activities, including immune regulation, diuretic effects, and metabolic effects) and has been traditionally indicated for kidney disease, dysuria, hypertension, diabetes mellitus, neurologic disorders, back pain, and paralysis.[@R24] More recently, several in vitro and in vivo scientific studies have examined the effects of PMW on a range of conditions. Clinically, PMW has been shown to exert antifatigue activity in vivo, stimulate production of sex hormones,[@R25] and control diabetes in both rats and humans.[@R22]-[@R24],[@R36] However, there have been no reports on the phytoestrogenic effects of PMW on hepatic lipid accumulation and associated lipid disorders in a rat model of menopausal hyperlipidemia.

Menopause is known to be associated with increased incidence of metabolic syndrome, a cluster of conditions (including dyslipidemia, insulin resistance, and obesity) that lead to increased risk of cardiovascular disease, type 2 diabetes, NASH, and atherosclerosis.[@R37] Estrogen treatment is known to reverse the effects of menopause on these diseases.[@R38]-[@R40] However, estrogen therapy increases the risk of various cancers, including endometrial, breast, and ovarian cancers.[@R41] Therefore, SERMs or phytoestrogens---substances that possess estrogenic activities in tissues where effects of estrogen are desirable and antiestrogenic activity in tissues where effects of estrogen are undesirable---are very useful in the treatment of metabolic diseases in postmenopausal women.[@R12]

First, we showed on E-Screen assay that PMW decreased the viability of MCF-7 cells (Fig. [2](#F2){ref-type="fig"}). As MCF-7 cells are known to grow in an estrogen-dependent manner, E-Screen assay indirectly determined the estrogenicity of substances by measuring MCF-7 cell proliferation.[@R42] This result showed that PMW might act as an estrogen receptor antagonist and might have antiestrogenic activity in breast carcinoma. The antiestrogenicity of some flavonoids, such as quercetin, chrysin, and 3-hydroxyflavone, has been examined by E-Screen assay.[@R42] There are many ways to determine antiestrogenic activity, including E-Screen assay, recombinant yeast assay, comet assay, ligand-binding assay, and receptor/reporter gene assay.[@R43] More data and future studies may be needed to support the antiestrogenic activity of PMW in other cell lines.

Next, we examined the estrogenic effects of PMW on hepatic lipid accumulation and related molecules in lipid metabolism regulation in HepG2 cells. We showed that MβCD treatment alone caused a significant increase in lipid accumulation, TC levels, and LDL/VLDL levels, all of which were reduced after treatment with PMW (Fig. [4](#F4){ref-type="fig"}). Together, these results show that PMW exerts cholesterol-lowering effects on HepG2 cells.

Cholesterol is a molecule that is essential for maintaining membrane structure and is a precursor of steroid hormones, bile acids, and vitamin D.[@R44] Cholesterol, whether obtained from the diet or synthesized de novo, is transported through the circulation in small lipoprotein particles. Intracellular cholesterol levels are maintained by a tightly regulated feedback system that controls the biosynthesis, influx, catabolism, and efflux of cholesterol.[@R14],[@R45] Failure to properly regulate cholesterol levels leads to abnormal deposition of cholesterol and cholesterol-rich lipoproteins, resulting in a wide range of diseases including hyperlipidemia, cirrhosis, fatty liver disease, cardiovascular disease, diabetes, and atherosclerosis.

The primary regulator of cholesterol metabolism is SREBP2, which activates the expression of genes required for cholesterol biosynthesis, including *HMGCS*, *HMGCR*, *LDLR*, *farnesyl diphosphate synthase*, and *squalene synthase*.[@R17] Generally speaking, a decrease in intracellular cholesterol triggers SREBP2 activation, which in turn activates HMGCR and LDLR and leads to an increase in intracellular cholesterol concentrations.[@R45] In contrast, an increase in intracellular cholesterol leads to down-regulation of SREBP2 and a decrease in intracellular cholesterol concentrations. MβCD treatment alone led to increased cholesterol levels and subsequent down-regulation of the effector proteins SREBP2, LDLR, and HMGCR (Fig. [5](#F5){ref-type="fig"}). Cotreatment with PMW and MβCD decreased cholesterol levels, resulting in increased expression of SREBP2 and LDLR (Fig. [5](#F5){ref-type="fig"}). Some studies have reported that the up-regulation of either SREBP2 or LDLR is responsible for improved cholesterol levels. For example, an astaxanthin-rich extract from the green alga *Haematococcus pluvialis* exhibits a hypocholesterolemic effect through up-regulation of LDLR expression.[@R46] Resveratrol increases the expression and activity of LDLR in hepatocytes via SREBP activation and exhibits antiatherogenic effects.[@R47] Resveratrol protects against the high-fat/high-sucrose diet--induced decrease in hepatic LDLR.[@R48] However, in contrast with normal regulatory response, expression of HMGCR was decreased (Fig. [5](#F5){ref-type="fig"}). In these experiments, we used simvastatin as positive control, as this drug is known to suppress HMGCR activity and therefore reduce intracellular cholesterol levels.[@R49] Data presented here suggest that, in decreasing cholesterol synthesis in HepG2 cells exposed to MβCD, the response to PMW was similar to the response to simvastatin.

Increased AMPK phosphorylation was also observed after PMW treatment (Fig. [6](#F6){ref-type="fig"}). AMPK acts as a central regulator of lipid metabolism,[@R50] governing lipid homeostasis via alternative activation of catabolic and anabolic pathways.[@R18],[@R50],[@R51] Based on its role as a key regulator of lipid homeostasis, AMPK has emerged as a promising target in the treatment of fatty liver disease. Certain natural products, including *Artemisia sacrorum* Ledeb., luteolin, mulberry extract, and curcumin, attenuate hepatic lipid accumulation via AMPK activation.[@R31],[@R50],[@R52],[@R53]

These data suggest that PMW might regulate cholesterol synthesis via AMPK phosphorylation, leading to reduction in intracellular cholesterol levels in HepG2 cells. However, to support these results, the underlying molecular mechanism requires further investigation.

Finally, we explored the estrogenic effects of PMW on a number of targets associated with lipid-related diseases (including retroperitoneal fat, perirenal fat, serum lipid levels, atherogenic index, cardiac risk factor score, lumen diameter, media thickness, and NASH) in a rat model of menopausal hyperlipidemia. Rats were ovariectomized and fed a diet rich in fats or cholesterol, followed by treatment with PMW. PMW administration decreased retroperitoneal and perirenal fat, serum TC levels, LDL levels, atherogenic index, cardiac risk factor score, and intima-media thickness. Moreover, PMW was shown to ameliorate NASH and to increase lumen diameter and HDL levels to those of positive controls. These results show that PMW can improve symptoms caused by menopausal hyperlipidemia.

Some natural products are used to manage metabolic syndrome during menopause. For example, *Nigella sativa* showed therapeutic and protective effects against metabolic syndrome by modifying weight gain and by improving lipid profile, blood glucose levels, and hormone levels in ovariectomized rats.[@R54] Flaxseed reduced plasma cholesterol levels and atherosclerotic lesion formation induced by ovarian hormone deficiency in hamsters.[@R55] Like these reports, PMW has therapeutic and protective effects against metabolic syndrome during menopause. However, the results presented here suggest that PMW might be a phytoestrogen with both estrogenic and antiestrogenic activities; therefore, PMW might be more useful than other existing natural products for the treatment of menopausal lipid-related diseases without the risk of cancer. A comparison with estrogen treatment is needed to enforce our present study.

In the clinical setting, some studies have reported a relationship between intake of natural products and menopausal symptoms. Flaxseed taken at a dose ranging from 40 to 50 g/day was also shown to have cholesterol-lowering properties in postmenopausal women.[@R56],[@R57] An isoflavone containing genistein, daidzein, formononetin, and biochanin extracted from red clover increased HDL levels and decreased apolipoprotein B levels in postmenopausal women when taken at doses of 28.5, 57, and 85.5 mg/day.[@R58] Isoflavone (genistein:daidzein:glycitein 1:1:0.2) taken at 90 mg/day improved vascular reactivity in postmenopausal women with hypercholesterolemia.[@R59] Dehydroepiandrosterone 25 mg/day showed improved lipid patterns.[@R60] In this study, we used 50, 150, and 450 mg/kg PMW in rats daily. Although these doses are relatively high, owing to the number of components in PMW, a high concentration of PMW is required to supply an effective dose of each extract. In the clinical setting, PMW has already been used for the treatment of several diseases such as diabetes, hypertension, urinary problems, and kidney disorders.[@R26]-[@R28] Therefore, PMW should be available as menopausal treatment in humans in the near future; relatively high doses will be required, such as those required for flaxseed (40-50 g/d).

We believe that PMW is a novel combination medicine with health-promoting benefits that can improve multiple lipid-associated factors and substitute for estrogen therapy in menopause without adverse effects.

CONCLUSIONS
===========

We have shown in a rat model of menopausal hyperlipidemia that PMW has not only antiestrogenic activity against breast carcinoma but also estrogenic activity against hepatic lipid accumulation and lipid-related diseases. PMW is a novel possible treatment for postmenopausal women.
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